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7KH UHTXLUHPHQW IRU YHUQDOL]DWLRQ D QHHG IRU SURORQJHG FROG WR WULJJHU IORZHULQJ
DOLJQV UHSURGXFWLYH GHYHORSPHQW ZLWK IDYRUDEOH VSULQJ FRQGLWLRQV ,Q Arabidopsis 
thaliana YHUQDOL]DWLRQ GHSHQGV RQ WKH FROGLQGXFHG HSLJHQHWLF VLOHQFLQJ RI WKH IORUDO
UHSUHVVRUORFXVFLC.([WHQVLYHQDWXUDOYDULDWLRQLQYHUQDOL]DWLRQUHVSRQVHLVDVVRFLDWHG
ZLWK A. thaliana DFFHVVLRQV FROOHFWHG IURP GLIIHUHQW JHRJUDSKLFDO UHJLRQV +HUH ZH
DQDO\VH QDWXUDO YDULDWLRQ IRU YHUQDOL]DWLRQ WHPSHUDWXUH UHTXLUHPHQW LQ DFFHVVLRQV
LQFOXGLQJWKRVHIURPWKHQRUWKHUQOLPLWRIWKHA. thalianaUDQJH9HUQDOL]DWLRQUHTXLUHG
WHPSHUDWXUHVDERYHR&DQGZDV VWLOO UHODWLYHO\ HIIHFWLYHDWR& LQDOO WKHDFFHVVLRQV
7KH GLIIHUHQW DFFHVVLRQV KDG FKDUDFWHULVWLF YHUQDOL]DWLRQ WHPSHUDWXUH SURILOHV 2QH
1RUWKHUQ6ZHGLVKDFFHVVLRQVKRZHGPD[LPXPYHUQDOL]DWLRQDWR&ERWKDWWKHOHYHORI
IORZHULQJWLPHDQGFLCFKURPDWLQVLOHQFLQJ+LVWRULFDOWHPSHUDWXUHUHFRUGVSUHGLFWHG
DOO DFFHVVLRQVZRXOG YHUQDOL]H LQ DXWXPQ LQ1 6ZHGHQ D SUHGLFWLRQZH YDOLGDWHG LQ
ILHOGWUDQVSODQWDWLRQH[SHULPHQWV7KHYHUQDOL]DWLRQUHVSRQVHRIWKHGLIIHUHQWDFFHVVLRQV
ZDV PRQLWRUHG RYHU WKUHH LQWHUYDOV LQ WKH ILHOG DQG IRXQG WR PDWFK WKDW ZKHQ WKH
DYHUDJH ILHOG WHPSHUDWXUH ZDV JLYHQ DV D FRQVWDQW FRQGLWLRQ 7KH YHUQDOL]DWLRQ
 
WHPSHUDWXUHUDQJHRIR&PHDQWDOODFFHVVLRQVIXOO\YHUQDOL]HGEHIRUHVQRZIDOOLQ1






GHYHORSPHQW LQ UHVSRQVH WR H[WHUQDO FRQGLWLRQV 2QH DVSHFW RI WKLV LV WKH DOLJQPHQW RI
GHYHORSPHQWDOWUDQVLWLRQVZLWKVHDVRQDOFXHV$PDMRUVHDVRQDOFXHLVWHPSHUDWXUHDQGSODQWV
KDYH HYROYHG WKH DELOLW\ WR LQWHJUDWH GDLO\ IOXFWXDWLRQV LQ H[WHUQDO WHPSHUDWXUH LQ RUGHU WR
PRQLWRU ORQJWHUP WUHQGV $LNDZD HW DO  ([SRVXUH WR ZHHNV RI FROG WHPSHUDWXUH
DFFHOHUDWHV WKH WUDQVLWLRQ WR IORZHULQJ LQ D SURFHVV FDOOHG YHUQDOL]DWLRQ ,Q Arabidopsis 
thaliana YHUQDOL]DWLRQ LQYROYHV WKH TXDQWLWDWLYH HSLJHQHWLF VLOHQFLQJ RIFLC 0LFKDHOV DQG
$PDVLQR6KHOGRQHWDO&ROGH[SRVXUHSURPRWHVDFHOODXWRQRPRXVHSLJHQHWLF
VZLWFKDWFLC LQDQ LQFUHDVLQJSURSRUWLRQRIFHOOV $QJHOHW DO$QJHOHW DO
7KLV HSLJHQHWLF VZLWFKLQJ PHFKDQLVP UHTXLUHV D 3RO\FRPE FRPSOH[ DVVRFLDWHG ZLWK 3+'
SURWHLQV'H/XFLDHWDOLQFOXGLQJWKHFROGLQGXFHG9,16XQJ	$PDVLQR
7KLV HQDEOHV DFWLYDWLRQ RI FT LV D SRWHQW DFWLYDWRU RI IORZHULQJ LQ Arabidopsis thaliana
6HDUOH HW DO  $W D VWDQGDUG YHUQDOL]DWLRQ WHPSHUDWXUH RI R& WKH OHQJWK RI FROG
UHTXLUHGWRDFKLHYHFRPSOHWHHSLJHQHWLFVLOHQFLQJYDULHVEHWZHHQA. thalianaDFFHVVLRQVDQG
WKLVPDSVWRQRQFRGLQJFLVSRO\PRUSKLVPVLQFLC /LHWDO&RXVWKDPHWDO. 
$FFHVVLRQV FROOHFWHG IURP QRUWKHUO\ ODWLWXGHV W\SLFDOO\ UHTXLUH ORQJHU YHUQDOL]DWLRQ IRU








IORZHULQJ LQ A. thaliana KDV DVVXPHG WKDW YHUQDOL]DWLRQ RFFXUV ZKHQ GD\WLPH KRXUO\
WHPSHUDWXUHVDUHKLJKHUWKDQR&DQGORZHUWKDQR&:LOF]HNHWDO&KHZHWDO
&KHZHWDO+RZHYHUDFFHVVLRQVIURPVRXWKHUQ(XURSHKDYHEHHQIRXQGWRYHUQDOL]H
DW FRQVWDQW WHPSHUDWXUHV VLJQLILFDQWO\ KLJKHU WKDQ R& :ROOHQEHUJ DQG $PDVLQR 
VXJJHVWLQJ WKDW DFFHVVLRQV IURP QRUWKHUO\ ODWLWXGHV PLJKW YHUQDOL]H PRVW HIILFLHQWO\ DW
UHODWLYHO\ORZWHPSHUDWXUHV+HUHZHVKRZWKLVLVQRWWKHFDVHDQGILQGWKDWYHUQDOL]DWLRQLQD
UDQJHRIA. thalianaDFFHVVLRQV LVPRVWHIIHFWLYHDFURVVDUHODWLYHO\KLJK WHPSHUDWXUHUDQJH
ZLWKWKH16ZHGLVKDFFHVVLRQ/RYVKRZLQJPD[LPDOYHUQDOL]DWLRQDWR&:HVKRZWKDW
YHUQDOL]DWLRQ LV FRPSOHWH EHIRUH VQRZIDOO LQ 1 6ZHGHQ ZLWK WKH SODQWV IORZHULQJ
LPPHGLDWHO\XSRQVQRZPHOW9HUQDOL]DWLRQUHVSRQVLYHQHVVLQWKHILHOGPDWFKHGWKDWZKHQWKH




,Q RUGHU WR LQYHVWLJDWH QDWXUDO YDULDWLRQ IRU YHUQDOL]DWLRQ WHPSHUDWXUH UHTXLUHPHQW LQ A. 
thaliana DFFHVVLRQV ZH VHOHFWHG VHYHUDO JHQRW\SHV WKDW UHSUHVHQW PRVW RI WKH PDMRU FLC
KDSORW\SHV /L HW DO  /RY /|YYLN 1 6ZHGHQ ± ODWLWXGH R1 9DU
9nUKDOOHQ66ZHGHQ±ODWLWXGHR18OO8OOVWRUS66ZHGHQODWLWXGHR1













R& OHVV HIIHFWLYH WKDQ  DQG R& DIWHU VL[ZHHNV YHUQDOL]DWLRQ )RU /RY WKH RQO\
WHPSHUDWXUH WKDW UHVXOWHG LQ IORZHULQJ DIWHU  ZHHNV H[SRVXUH ZDV R& DQG DOWKRXJK WKH
HQKDQFHG HIIHFW RI WKLV WHPSHUDWXUH GLPLQLVKHG RYHU WLPH R& FRQVLVWHQWO\ UHVXOWHG LQ WKH
PRVW HIIHFWLYH YHUQDOL]DWLRQ )LJXUH  7KXV WKH GLIIHUHQW DFFHVVLRQV VKRZ GLVWLQFW
WHPSHUDWXUHSURILOHVIRUYHUQDOL]DWLRQDQGDOOUHTXLUHWHPSHUDWXUHVKLJKHUWKDQR& 

7KH UHTXLUHPHQW IRU ORQJHU FROG IRU HIIHFWLYH YHUQDOL]DWLRQ LQ WKH /RY DFFHVVLRQ KDV
SUHYLRXVO\ EHHQ VKRZQ WR LQYROYH TXDQWLWDWLYH YDULDWLRQ LQ DFFXPXODWLRQ RI HSLJHQHWLF
VLOHQFLQJRIFLC&RXVWKDPHWDO6KLQGRHWDO:HFRPSDUHGWKLVTXDQWLWDWLYH
YDULDWLRQLQWKHVLOHQFLQJRI&ROFRI6IDQG/RYFLCDOOHOHVDIWHUZHHNVFROGH[SRVXUHDW
DQGR& )LJXUH± ILJXUH VXSSOHPHQW ,QFRQWUDVW WR&ROFRI6IWKH/RY
DOOHOHUHDFWLYDWHGDIWHUGD\VLQWKHZDUPDIWHUYHUQDOL]DWLRQDWDOOWKHWHVWHGWHPSHUDWXUHV
+RZHYHU WKHGHJUHHRI UHDFWLYDWLRQZDV ORZHVW DIWHUYHUQDOL]DWLRQ DWR& FRQVLVWHQWZLWK





<DQJ HW DO  ,Q /RY LW WDNHV ORQJHU WR DFFXPXODWH WKH+.PHPDLQO\ GXH WR
ORZHUVWDUWLQJOHYHOV&RXVWKDPHWDO:HIRXQGVLPLODUDFFXPXODWLRQRIJHQHERG\
+.PH LQ WKH &RO FRI6I FLC DOOHOH DW   RU R& EXW GLIIHUHQWLDO +.PH
DFFXPXODWLRQLQWKH/RYDOOHOH)LJXUH'9HUQDOL]DWLRQDWR&UHVXOWHGLQKLJKHUOHYHOVRI
+.PHFRPSDUHG WRRUR&)LJXUH'VXJJHVWLQJ WKDW WKH3RO\FRPEVLOHQFLQJ LV
PRVWHIIHFWLYHDWR&IRUWKH/RYFLCDOOHOH 

7KH UHODWLYHO\ KLJK WHPSHUDWXUH UDQJH IRU YHUQDOL]DWLRQ RI WKH 1 6ZHGLVK DFFHVVLRQ ZDV
VXUSULVLQJ JLYHQ WKDW IORZHU EXGV DSSHDUHG ZLWKLQ WZR ZHHNV RI WKH VQRZPHOW RQ QDWLYH
$UDELGRSVLV DW WKH 1 6ZHGLVK /|YYLN VLWH )LJXUH  ± ILJXUH VXSSOHPHQW  7KLV HDUO\
IORZHULQJPD\OLPLWKHUELYRU\DQGKHOSLQWKHFRPSHWLWLRQIRUQXWULHQWV$NL\DPDDQG$JUHQ
.DZDJRHDQG.XGRK$ORQJWHUP!\HDUVWXG\RIWKHQDWXUDOSRSXODWLRQVDW
VHYHUDO 1 6ZHGLVK VLWHV WKURXJKRXW WKH +LJK &RDVW UHJLRQ VKRZHG PRVW SRSXODWLRQV
EHKDYHG DV ZLQWHU DQQXDOV ZLWK JHUPLQDWLRQ RFFXUULQJ SUHGRPLQDQWO\ LQ $XJXVW DQG
6HSWHPEHUZLWKQRVSULQJJHUPLQDWLRQ)LJXUH±VRXUFHGDWD7KHUDSLGIORZHULQJDIWHU
VQRZPHOWVXJJHVWVWKDWYHUQDOL]DWLRQPXVWKDYHRFFXUUHGEHIRUHWKHHQGRI1RYHPEHUJLYHQ
WKH UHFXUUHQW VQRZ FRYHU DQG ORZ WHPSHUDWXUHV DW WKH /|YYLN VLWH RYHU WKHZLQWHUPRQWKV
)LJXUH   ILJXUH VXSSOHPHQW  )LJXUH   ILJXUH VXSSOHPHQW $ +RXUO\ FOLPDWH GDWD
FROOHFWHGQHDU/|YYLNEHWZHHQVW$XJXVWWKHHDUOLHVWJHUPLQDWLRQGDWHREVHUYHGIRUQDWXUDO
SRSXODWLRQVXQWLOVQRZFRYHUEHWZHHQDQGVKRZDQDYHUDJHDLUWHPSHUDWXUHRIa
R& )LJXUH  ± ILJXUH VXSSOHPHQW $ $QDO\VLV RI QDWLRQDO GDWD VW $XJXVW ± WK
1RYHPEHU DOVR UHYHDOHG DQ RYHUDOO DYHUDJH DXWXPQ GDLO\ DYHUDJH WHPSHUDWXUH RI R&
EHWZHHQDQG6' ZLWKRYHURIGD\VIDOOLQJZLWKLQWKHUDQJHLGHQWLILHG
DV EHLQJ HIIHFWLYH IRU/RYYHUQDOL]DWLRQ R& R& )LJXUH ± ILJXUH VXSSOHPHQW%
 
7KHDJUHHPHQWRIDYHUDJHDXWXPQWHPSHUDWXUHVZLWKWKHHIIHFWLYHYHUQDOL]DWLRQWHPSHUDWXUHV




VHWWLQJ XS ILHOG H[SHULPHQWV FORVH WR WKH /|YYLN VLWH LQ DXWXPQ  DQG  ORFDWLRQV
VKRZQLQ)LJXUH± ILJXUHVXSSOHPHQW6HHGOLQJVZHUH WUDQVSODQWHG LQWR WKH ILHOGDW WKH
EHJLQQLQJ RI 6HSWHPEHU DQG WKHQ WUDQVIHUUHG WR DZDUPHG JUHHQKRXVH DW WKUHH WLPH SRLQWV
GXULQJDXWXPQ)LJXUH$)LJXUH±ILJXUHVXSSOHPHQW$7KLVHQDEOHGXV WRH[SOLFLWO\
WHVWZKHWKHUWZHOYHZHHNVRIJURZWKSUHFHGLQJZLQWHUZRXOGEHVXIILFLHQWWRIXOO\YHUQDOL]H






LQFOXGHG D QHDU LVRJHQLF OLQH FDUU\LQJ WKH /RY FLC DOOHOH 1,//RY LQ WKH JHQHWLF
EDFNJURXQG RI &RO FRI 6I LQ WKH ILHOG H[SHULPHQWV 7KLV OLQH ZDV JHQHUDWHG WKURXJK VL[
JHQHUDWLRQVRILQWURJUHVVLRQDQGKDGEHHQJHQRW\SHGZLWKPDUNHUVWRGHILQHWKHLQWURJUHVVHG
UHJLRQ)LJXUH±ILJXUHVXSSOHPHQW1,//RYWRRNORQJHUWRIORZHUWKDQ&ROFRI 6IDIWHU
WKH ILUVW WZR WUDQVIHUV LQ  )LJXUH  ± ILJXUH VXSSOHPHQW % 7KLV UHYHDOHG WKH FOHDU
FRQWULEXWLRQ RI WKH /RY FLC DOOHOH WR GLIIHUHQWLDO YHUQDOL]DWLRQ UHVSRQVH XQGHU ILHOG







 ,W ZDV WKHUHIRUH LQWHUHVWLQJ WKDW WKH RSWLPDO YHUQDOL]LQJ WHPSHUDWXUH IRU /RY
PDWFKHG WKH DYHUDJH WHPSHUDWXUH RYHU WKH PRQWK VHDVRQ ZKHQ YHUQDOL]DWLRQ RFFXUUHG
)LJXUH % :H WKHUHIRUH FRPSDUHG YHUQDOL]DWLRQ UHVSRQVH LQ WKH GLIIHUHQW WUDQVSODQW
LQWHUYDOVZLWKYHUQDOL]DWLRQLQFRQVWDQWWHPSHUDWXUHVHTXLYDOHQWWRWKHDYHUDJHWHPSHUDWXUHRI
WKH ILHOG FRQGLWLRQV )LJXUH  ± VRXUFH GDWD  7KH GLIIHUHQW JHQRW\SHV VKRZHG WHPSRUDO
GLIIHUHQFHV LQ YHUQDOL]DWLRQ UHVSRQVLYHQHVV RYHU WKH WKUHH WUDQVSODQW SHULRGV LQ WKH ILHOG
5HPDUNDEO\ YHUQDOL]DWLRQ UHVSRQVLYHQHVV ZDV YHU\ VLPLODU ZKHQ WKH DYHUDJH ILHOG
WHPSHUDWXUHZDV JLYHQ DV D FRQVWDQW WHPSHUDWXUH ZLWK HDFK JHQRW\SH VKRZLQJ D GLIIHUHQW
RYHUDOO SURILOH )LJXUH  ,QGHHG WKH PDWFK LV UHPDUNDEOH JLYHQ WKH GDLO\ RVFLOODWLRQV LQ
WHPSHUDWXUH HVSHFLDOO\ LQ WKH WUDQVSODQWSHULRG )LJXUH$)LJXUH± ILJXUH VXSSOHPHQW
$ +RZ SODQWV LQWHJUDWH WKHVH IOXFWXDWLQJ WHPSHUDWXUHV RYHU VXFK ORQJ WLPHVFDOHV LV DQ
LPSRUWDQWDUHDIRUIXWXUHPROHFXODUGLVVHFWLRQ

$OO WKHJHQRW\SHVDQDO\VHGZHUHIRXQG WRYHUQDOL]HHIIHFWLYHO\GXULQJDXWXPQ  )LJXUH%




WKH 1 6ZHGLVK DXWXPQ IRU YHUQDOL]DWLRQ 7KH LQFUHDVHG VHHG GRUPDQF\ RI 6 6ZHGLVK




 DQG9DU )LJXUH % DQG ( FRXOG SUHYHQW SUHPDWXUH YHUQDOL]DWLRQ RFFXUULQJ GXULQJ
XQVHDVRQDOFRROSHULRGVLQHDUO\DXWXPQ2XUGDWDDOVRVKRZWKDWWKHR&R&WHPSHUDWXUH
UDQJHZLGHO\XVHGWRHVWLPDWHYHUQDOL]DWLRQLQA. thaliana:LOF]HNHWDOZRXOGRQO\
SUHGLFW SDUWLDO YHUQDOL]DWLRQ RI ODWHU IORZHULQJ DFFHVVLRQV GXULQJ RXU ILHOG H[SHULPHQWV
)LJXUH   ILJXUH VXSSOHPHQW   2XU GDWD VXJJHVW WKDW UDLVLQJ WKH XSSHU WKUHVKROG
WHPSHUDWXUH WR R&ZRXOG LPSURYH HVWLPDWHV RI YHUQDOL]DWLRQ SURJUHVV IRU ODWHU IORZHULQJ
DFFHVVLRQVXQGHUQDWXUDOILHOGFRQGLWLRQV

,Q VXPPDU\ZH KDYH HPSOR\HG D FRPELQDWLRQ RIPROHFXODU DQG HFRORJLFDO DSSURDFKHV WR
FRQQHFWWHPSHUDWXUHLQGXFHGPROHFXODUFKDQJHVDWFLCZLWKHFRORJLFDOO\VLJQLILFDQWHIIHFWV
LQWKHILHOG:HVKRZWKDWJURZWKDW WKHQRUWKHUQOLPLWRI WKHA. thalianaVSHFLHVUDQJHKDV
LQYROYHGDVHDVRQDOVKLIWLQWKHWLPLQJRIYHUQDOL]DWLRQ3HUKDSVDVDUHVSRQVHWRVHOHFWLRQLQ
WKHVH H[WUHPH FRQGLWLRQV RQH 1 6ZHGLVK DFFHVVLRQ /RY VKRZV D PRUH GLVWLQFW
YHUQDOL]DWLRQ WHPSHUDWXUH RSWLPXP WKDW PDWFKHV WKH DYHUDJH KLVWRULFDO WHPSHUDWXUH IRU
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Figure 1. Vernalization responses at a range of constant temperatures. 
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